Abstract The therapeutic approach to congenital diaphragmatic hernia (CDH) has shifted from one of immediate repair to management of pulmonary hypertension, physiologic stabilization, and delayed surgical repair. Lung hypoplasia, remodeled pulmonary vasculature, and ventricular dysfunction all contribute to the high morbidity and mortality associated with CDH. In addition, genetic syndromes associated with CDH can increase the incidence of serious anomalies and hence impact survival. Prenatal and postnatal management of infants with CDH is challenging in the best of circumstances and need multidisciplinary teams for optimal outcomes. However, advances using ultrasound and fetal MRI can predict prognosis and survival and plan for postnatal management. Survival rates for patients with CDH have increased for the past decade with better management at resuscitation; implementation of gentle ventilation strategies; and medical management of pulmonary hypertension, physiologic stabilization, and extracorporeal membrane oxygenation. However, follow-up of these infants for long-term morbidities is essential for optimal outcomes after discharge. . Lung hypoplasia and pulmonary hypertension are key factors which contribute to the morbidity and mortality associated with CDH.
Etiopathogenesis of CDH
CDH is a complex developmental defect that is etiologically heterogeneous (multifactorial), and in a majority of cases (~80 %), the cause is unknown [2] . Most cases are isolated; however, numerous genetic syndromes are associated with CDH [2] . The most co-occurring defect is congenital heart defect which is present in~20 % of patients. Among the syndromes associated with CDH include Cornelia de Lange, Pallister-Killian, and Marfan syndrome. Even though no specific environmental factor has been clearly associated with CDH, the involvement of retinol signaling pathway in the development of the diaphragm has been described [3] . In case-control studies, infants with CDH had low levels of retinol and retinol-binding protein compared to controls [4, 5] , suggesting abnormal retinoid homeostasis may contribute to the development of CDH.
The diaphragm is a complex structure made up of the septum transversum, pleuro-peritoneal folds, esophageal mesentery, and musculature. Failure of the diaphragm to fully develop during embryogenesis or weakening of one its parts or failure to connect with one another could predispose to the development of CDH. This could be precipitated by the premature return of the midgut into the abdominal cavity with the resultant increase in intra-abdominal pressure, disrupting diaphragmatic development. Whatever the cause results in a defect in the diaphragm, commonly on the left side (85-90 %), but can occur on the right or bilaterally and may be associated with other anomalies. The commonest (90 %) defect involves the posterolateral region of the diaphragm (Bochdalek hernia) but the anterior (Morgagni hernia) or central regions can also be affected [1] .
The pathology of CDH comprise of three elements: the diaphragmatic hernia, pulmonary hypoplasia, and herniation of the abdominal organs into the thorax (Fig. 1) . Lung hypoplasia and arrested lung development are the essential features of CDH, manifesting histologically as fewer alveoli and decreased surface area for gas exchange. Arrested alveolar development is more conspicuous on the ipsilateral side, although it is seen on the contralateral side. This differential pathophysiology in the lung is thought to be due to a dualhit hypothesis [6] , with the initial insult occurring before the development of the diaphragm at 8-9 weeks from a genetic or environmental cause and the later insult from the physical compression of the lung by the abdominal contents in the thorax. Terminal bronchioles are decreased and alveolar septa are thickened with decreased complexity of respiratory acinus resulting in decreased surface area for gas exchange. Vascular changes occurs secondary to epithelial-dependent vascular development resulting in reduced vasculature, abnormal vascular smooth muscle response, and vascular remodeling. The pulmonary arteries are hypertrophied with medial and adventitial thickening with extension of smooth muscle cells distally beyond the terminal bronchioles (Fig. 2) . The critical determinant factor is the magnitude of lung vasculature that is Bresponsive^(dynamic or reactive vasculature) to therapy compared to non-responsive vasculature (rigid vasculature), as this may impact both morbidity and survival of infants with CDH. This can be complicated in severe cases by left ventricular hypoplasia [7] secondary to transcriptional and cardiovascular responses to changes in the lung and also secondary to the physical presence of hernia in the thorax during fetal development.
Prenatal Imaging
Approximately two of three patients with CDH will be diagnosed on prenatal ultrasound (US). Ultrasound is the standard prenatal imaging modality for detection of congenital anomalies including CDH. However, the diagnosis is particularly difficult before 24 weeks of gestation (22-52 % of the cases), and even after 24 weeks of gestation, the prenatal diagnosis is a challenge, with more than 25 % of cases missed and 11 % diagnosed postnatally [8] . The diagnosis of CDH is usually suspected by the absence of stomach in the normal intra-abdominal location; intrathoracic mass containing the liver, bowel, or stomach; or by indirect evidence such as abnormal cardiac axis, mediastinal shift, or polyhydramnios. Despite the widespread use of US, the role of fetal MRI is rapidly expanding. MRI is useful to confirm the diagnosis in cases of equivocal US findings; however, both US and MRI can be used in the assessment of prognosis in CDH.
The presence of liver herniation into the chest (liver up) is considered to be a poor prognostic indicator. In a recent systematic review which included 407 fetuses with liver up and 303 with the liver down infants, statistically worse survival was found in liver up infants (45.4 %) compared with liver down infants (73.9 %) [9] . Also, fetuses with the liver up required extracorporeal membrane oxygenation (ECMO) in 80 %, compared with 25 % for those with liver down, and overall survival rate was 45 %, compared with 93 % for those with liver down [10] .
As lung hypoplasia is one of the poor prognostic markers, studies have tried to quantify this in fetuses with CDH. Lung hypoplasia is seen in both the lungs; however the ipsilateral lung is more affected than the contralateral lung. Sonographic measurement of contralateral lung area-to-head ratio (LHR) has been used to assess lung volume and hence mortality. There were no survivors with an LHR <0.6, whereas survival was 100 % if the LHR was >1.35 [11] . In another study, low lung-to-head ratio (<1.0) predicted increased incidence of extracorporeal membrane oxygenation (75 %) and lower survival (35 %) [10] . However, when measured at <24 weeks of gestation, LHR was not predictive of outcome. As LHR is a variable across gestational age, this can be corrected by measuring expected LHR-to-observed LHR (O/E LHR) ratio, and several studies have used this to predict mortality in fetuses with CDH. Liver position is the best prenatal predictor of outcome in isolated left congenital diaphragmatic hernia. Lung-to-head ratio alone should not be used to counsel families regarding mid gestational management choices [10] .
Other parameters that can be used in predicting the severity of lung disease include measuring fetal lung volume (FLV) at 34 week gestation on fetal MRI. Again, this can be assessed as observed to expected FLV based on normograms [12] . If fetal lung volumes are >20-25 ml and in the absence of bad prognostic indicator such as liver up, spontaneous delivery should be the mode of treatment [12] . Infants who survived had higher FLV compared to those who died (20.7±9.3 vs 8.9± 4.0 ml), and similarly, infants who underwent ECMO had lower fetal lung volumes compared to infants who did not undergo the procedure (14.3±7.5 vs 20.4±10.2 ml) [13] .
Fetal lung-to-thorax ratio and cardiac axis have been used to predict survival in addition to the above methods. However, liver position is thought to have a greater value in predicting survival. However, in some cases of fetal CDH with worse outcomes (intrathoracic herniation of liver with LHR ≤1.0), antenatal therapy has been considered as an option to improve lung development. The principle of tracheal occlusion is to improve lung development and this can be achieved by fetal endoscopic tracheal occlusion (FETO). This is a highly specialized procedure done at around 28 weeks of gestation, wherein the trachea is plugged with a balloon for about 6 weeks to increase lung volume and then unplugged prior to delivery [14] . Currently this is being evaluated in a multicenter trial, and initial reports suggest that temporary FETO in fetuses with left CDH increased survival from 24 to 49 % (left-sided) and from 0 to 35 % in right-sided CDH [14] . However, this was associated with a higher incidence of PPROM and preterm birth despite a substantial improvement in survival [14] . If there is risk of preterm delivery ≤34 week gestation, antenatal steroids should be given according to NIH guidelines [15] . Prenatal glucocorticoids have been shown to decrease hypertrophy of pulmonary arterioles in combination with prolonged tracheal occlusion in a lamb model of severe CDH [16] .
It is essential to make an early diagnosis of CDH, so that a thorough evaluation is done to look for associated anomalies, which are present in 40-60 % of cases with CDH. The associated anomalies are widespread including cardiac, gastrointestinal, renal, and central nervous system. The need for amniocentesis for chromosomal defects and the type of cardiac defects will impact the outcome in individual cases. The presence of hydrops fetalis is also a significant factor in determining cardiac dysfunction and poor prognosis. As the management of antenatal CDH can be complicated, this involves management by a multidisciplinary team including genetics evaluation and antenatal counselling. In those cases with poor prognosis and with other congenital anomalies, termination of pregnancy should be sensitively considered. Expectant management and regular ultrasounds for fetal growth and followup should be done in most cases. Delivery should be planned in a tertiary care center whenever possible and obstetric decisions should guide the mode of delivery.
The timing and the mode of delivery for CDH patients is not clear. Among term infants with CDH receiving ECMO, ELSO registry reported that, late-term delivery (40 0/7-41 6/7 weeks) compared with early-term delivery (38 0/7-39 6/7 weeks) is associated with improved survival, shorter ECMO duration, shorter hospital length of stay, and fewer complications on ECMO [17] . However, among fetuses with prenatally diagnosed CDH and without major associated anomalies, early-term delivery (37-38 weeks) was independently associated with survival [18] . Cesarean delivery was associated with a slightly better outcome in terms of a significantly higher survival without the use of ECMO, although there was no significant difference in total survival [19] . Because this study was not randomized, it is not possible to determine if elective cesarean delivery was the cause for the better outcome or if centers favoring elective cesarean delivery by protocol were more skillful in the management of patients with CDH. Mode of delivery for term and near-term infants with CDH deserves further prospective study, as all the quoted studies are retrospective studies. Figure 3 broadly outlines the prenatal management of CDH; however, this has to put in the context of fetal MRI being not widely available and fetal therapy which is experimental at this time in the management of CDH.
Postnatal Management of CDH
The guidelines mentioned here are drawn mainly from the consensus statement of the CDH EURO Consortium prepared with the aim of achieving standardized postnatal treatment, which might help in reducing morbidity and mortality associated with CDH [20] .
Delivery Room Management
The infant's heart rate, preductal and postductal saturations, and blood pressure (invasive or non-invasive) need to be monitored. The key principles of successful delivery room resuscitation and stabilization are the avoidance of high airway pressures and high oxygen concentration as this will facilitate in minimizing ventilation-induced lung injury.
1.
After delivery, the infant should be intubated immediately without bag and mask ventilation. Ventilation by bag and mask may cause distention of the stomach and must be avoided as it may limit expansion of the hypoplastic lung. Ventilation in the delivery suite may be done with a ventilation bag or Neopuff with a peak pressure as low as possible, preferably ≤25 cm of H 2 O to avoid lung damage. 2. Oxygen saturations-the goal is to achieve acceptable preductal saturations levels of 80-95 %. FiO 2 should be started at 1.0 and then adjusted downwards to achieve SpO 2 targets. 3. Immediate placement of oro-or nasogastric tube with continuous or intermittent suction will help to decompress the bowel and facilitate lung expansion. 4. A central or peripheral venous line should be inserted to allow for administration of fluids and inotropes if necessary. Arterial line is to be placed for monitoring of blood pressure and for blood sampling after initial stabilization. 5. Arterial blood pressure to be maintained at acceptable levels for gestational age. In case of hypotension or poor perfusion volume bolus (NaCl 0.9 % at 10-20 ml/kg) should be administered and inotropes should be considered. 6. No routine use of surfactant in either term or premature infants is recommended as surfactant therapy is associated with higher mortality rate, greater use of ECMO, and more chronic lung disease with CDH [21] .
Ventilation Management in the ICU
Ventilation strategy should aim for preductal saturations between 85 and 95 % with a targeted postductal saturation of ≥70 % and a PaCO 2 between 45 and 60 mmHg (permissive hypercapnia). In exceptional cases, however, preductal saturations down to 80 % may be accepted, provided end organs are well perfused as indicated by a pH ≥7.2, lactate levels <5 mmol/l, and urinary output ≥1 ml/kg/h. Weaning oxygen to maintain SpO 2 in the targeted range will facilitate avoiding oxygen toxicity.
The objective of ventilator management is to minimize ventilator-induced lung injury and this can be achieved by permissive hypercapnia and gentle ventilation. Towards that goal, it does not matter whether the infant is ventilated with conventional ventilation or high-frequency oscillatory ventilation (HFOV). The European consortium recommends that the infant be ventilated with PIP ≤25 cm H 2 O and a PEEP of 2-5 cm H 2 O and adjust the rate to achieve PaCO 2 of 45 to 60 mmHg. A randomized controlled trial to compare initial ventilator management with HFOV or conventional ventilation in infants with CDH is underway [22] .
Even though the indications for HFOV in CDH are not defined, any infant with relatively high settings on the conventional ventilator is a candidate for HFOV to minimize lung injury. Mean airway pressure is set to optimize lung recruitment (MAP of [13] [14] [15] [16] [17] . This is accomplished by a chest X-ray, to confirm contralateral lung expansion of eight-rib expansion above the diaphragm. Avoiding alveolar overdistension and hence lung injury should be the goal of lung recruitment.
Hemodynamic Monitoring
Hemodynamic monitoring should aim at end-organ perfusion such as heart rate, capillary refill, urine output, and lactate levels. Any signs of poor perfusion should facilitate intervention that should include volume bolus at first (NaCl 0.9 %×2; 10 ml/kg) followed by maintaining systemic blood pressures that are appropriate for gestational age. However, hypoxemia may be influenced by right-to-left shunting across the ductus in the presence of pulmonary hypertension and hence the need to maintain systemic BP at a relatively higher level to decrease shunting. Inotropes such dopamine, dobutamine, and epinephrine are frequently used to raise systemic BP (Fig. 4b) .
Management of Pulmonary Hypertension
Elevated pulmonary vascular resistance from vascular remodeling results in right-to-left shunting of blood after birth. This results in hypoxemia and differences between pre-and postductal oxygen saturations. However, the absence of preand postductal gradient in oxygenation does not exclude the diagnosis of pulmonary hypertension (PH), as shunting can occur predominantly intracardiac through the foramen ovale, rather than the PDA. Consequently, 2D echocardiography performed within the first 24 h is the best real-time assessment of pulmonary arterial pressure and right heart function in CDH infants. Right ventricular diastolic dysfunction is associated with disease severity and this may impact the duration of respiratory support in CDH [23] . Left ventricular dysfunction Fig. 3 Algorithm of prenatal management of CDH. US ultrasound, LHR lung area-tohead circumference ratio, FLV fetal lung volume, SVD spontaneous vaginal delivery, FETO fetal endoscopic tracheal occlusion. See text for details can result secondary to RV dysfunction or due to underdevelopment of left ventricle and is also associated with poor prognosis [24] . Treatment of RV and/or LV dysfunction and the associated pulmonary hypertension should take preference over surgical repair.
Treatment of PH in CDH is challenging to say the least, as this is backed by limited evidence. In a large randomized trial, early inhaled nitric oxide (iNO) failed to improve survival or reduce the need for ECMO in newborns with CDH [25] ; however, positive response to iNO is observed in some cases. Despite the lack of response to iNO, its use in neonates with CDH is widespread and has increased in many US tertiary pediatric hospitals and is currently the first therapy of choice. At an oxygenation index of ≥20, iNO may be administered for at least an hour and the infant assessed for response to treatment (an increase in PaO 2 by 10-20 mmHg or a 10 % response in SpO 2 ) [26] . Serial echocardiography will help in assessing the response to therapy. Optimal lung inflation and maintaining adequate and a relatively higher systemic blood pressure with inotropes will minimize the effects of PH to some extent (Fig. 4b) . However, in cases of severe PH not responsive to iNO, assessment of the heart by echo should be done frequently to assess both RV and LV function. Prostaglandin E 1 can be considered, to maintain ductal patency, as a Bblow-off valve^for the right ventricle, especially in the presence of RV dysfunction or RV failure [27] . The role of PGE 1 in the management of pulmonary hypertension in maintaining ductal patency in the absence of RV dysfunction is not clear [28] . Opening of the ductus helps to decrease stress and vent the right ventricle from severe PH (Fig. 4a) .
Milrinone, a PDE3 inhibitor, is a pulmonary vasodilator, is an inotrope, and improves ventricular systolic and diastolic function in low-cardiac output syndromes [29] . In a small case series, it was associated with improvement in systolic and diastolic function of the right ventricle with corresponding improvement in clinical status in infants with CDH [30] . Because of its inotropic (improved systolic function) and lusitropic (improved diastolic function) effects, it has been used in the presence of LV dysfunction in CDH (Fig. 4a) . However, systemic hypotension and arrhythmias are a source of concern and it has to be used with caution in infants. Sildenafil, a PDE5 inhibitor, improves both cardiovascular function and oxygenation in patients with CDH [31] . Moreover, sildenafil may increase the efficacy of iNO and may prevent rebound pulmonary hypertension during weaning of iNO and hence help in the management of chronic PH [32] . Prostacyclin (PGI 2 ), which acts via the cAMP pathway, has been used in isolated cases of CDH [33] ; however, its effects have not been studied systematically. Newer prostanoids such as iloprost that can be delivered via aerosol are used in the management of chronic PH in adults and children; however, these have yet to be studied in infants with CDH. Bosentan, a nonselective endothelin receptor antagonist, has been used in the management of pulmonary hypertension in infants; however, liver toxicity is an important adverse side effect [34] . No randomized controlled trials has been carried out yet to test the effect of ET receptor antagonists in neonates. Management of pulmonary and systemic hemodynamics should be often simultaneous, to avoid hypoxemia and acidosis, which is essential to maximize effect on Breversible^pulmonary hypertension in these infants (Fig. 4) .
Extracorporeal Membrane Oxygenation
With advances in postnatal management of CDH, the use of ECMO as a rescue therapy in CDH has decreased over the years [35] . ECMO has been shown to improve survival rates and its utilization ranges from 15 to 40 %, with higher rates in right-sided CDH [35, 36] . Most candidates with CDH qualify for ECMO if they do not have major congenital anomalies and fail medical management after birth. Criteria for ECMO include inability to maintain preductal saturations >85 % or postductal saturations >70 %; oxygenation index (mean airway pressure×FiO 2 ×100/PaO 2 ) ≥40; systemic hypotension resistant to fluid and inotropic support with signs of poor perfusion; and increasing PaCO 2 and pH <7.15 despite optimal management on the ventilator. However, selection criteria may vary as each center has their own set of guidelines for entry into ECMO. The use of ECMO has reduced mortality in CDH [37] , with overall survival rates following ECMO around 50 % [38] . A synopsis of postnatal management of infants with CDH is proposed in an algorithm (Fig. 5) .
Surgical repair of the defect in the diaphragm should be performed after a period of physiologic stabilization defined as stable mean blood pressure for gestational age, preductal saturations of 85 to 95 % in ≤50 % oxygen, urine output of >2 ml/kg/h, and blood lactate of <3 mmols/l. Repair can be done post-ECMO; however, repair can be done while on ECMO with particular attention to bleeding issues.
General Management
Infants with CDH need to be well sedated with opioid analgesics such as morphine or fentanyl both pre-and postoperatively as this facilitates the management of pulmonary hypertension and pain associated with the condition. Neuromuscular blocking agents are avoided, whenever possible, in view of side effects. Infants need to be monitored for strict fluid intake and output, and they benefit from restricted fluid intake in the first few days of life (40-60 ml/kg/day). Early TPN from day 1 of life that maximizes nutrition should be given priority, as these infants will be dependent on TPN for a prolonged period of time.
Surgical Repair
There are no standard criteria to define physiologic stabilization, and hence, this may vary with the severity of the defect, and most surgeons wait for a few days for the period of stabilization to occur prior to surgery. The standard surgical approach to repair the diaphragmatic defect consists of the subcostal incision with removal of the abdominal contents from the thorax and complete closure of the defect. For defects that are too large to be closed by primary repair, a number of reconstructive techniques such as prosthetic patches have been evolved to close the gap [39] , and this can be accomplished by synthetic non-absorbable material (Gore-Tex) or by natural absorbable patch (Surgisis) [39] . Approximately half of all the repairs that require some type of patch may result in recurrent diaphragmatic herniation. A recent meta-analysis comparing the use of Gore-Tex and Surgisis in infants with CDH patch repair showed no differences between the two prosthetic materials in the incidence of hernia recurrence and small bowel obstruction rate [40] . The use of minimally invasive surgery techniques for repair of CDH is gaining popularity; however, they have a significantly higher recurrence risk of herniation [41] . Even though early repair of CDH in neonates on ECMO can be accomplished [42] , CDH repair after ECMO therapy is associated with improved survival compared to repair on ECMO after controlling for factors associated with severity of CDH [43] .
Long-Term Prognosis in CDH
Prematurity, lung hypoplasia, mechanical ventilation, oxygen toxicity, and vascular abnormalities all play a role in the morbidity associated with CDH. Overall survival rates in CDH is around 60-70 % and as high as 90 % in few high-volume centers. Infants who survive need to have a comprehensive plan for the detection of associated morbidities that includes respiratory, nutritional and reflux issues, growth failure, hearing loss, neurodevelopmental issues, and recurrence of hernia for optimal outcomes [44] . A multidisciplinary team involved in long-term issues will help in maintaining the high quality of life in these infants. It is important to develop a consensus among the specialties involved about the timing for optimal follow-up to include cardiac echo/catheterization, lung function tests, and feeding-related and developmental assessment. Despite the challenges for pediatric surgeons and critical care specialists, advances in acute and chronic management of pulmonary hypertension and other issues have led to better outcomes for these infants.
